An equation that can describe the concentrations of ionic sites required for a Nernstian potentiometric response slope of neutral ionophore-incorporated ion-selective liquid membranes is presented. This equation is derived from a model based on electrical diffuse layers on both the membrane and the aqueous sides of the interface, in which the phase boundary potential is correlated to the surface charge density as well as the salt concentrations in the bulk membrane and aqueous solution. To experimentally and accurately confirm the validity of this equation, response characteristics of field effect transistors covered by neutral ionophore-based liquid membranes with varying concentrations of a derivative of tetraphenylborate as an anionic site but free of ionic impurities were examined. The observed membrane potentials and the response slopes for membranes with various concentrations of anionic sites were in good agreement with the values calculated from the theory presented in this paper with the measured complexation stability constants for the relevant systems. This result indicates that the theoretical prediction based on the proposed equation for the anionic site concentration is accessible for the preparation of neutral ionophore-incorporated ion-selective liquid membranes, which show Nernstian response slopes for the primary ions.
Introduction
The potentiometric response properties of ion-selective electrodes (ISEs) based on solvent polymeric membranes containing a neutral or charged ionophore strongly depend on the amount of ionic sites trapped in their membrane phase. For the ISEs based on neutral ionophores, ionic sites in the membrane bulk are not only necessary for obtaining Nernstian responses, [1] [2] [3] but also beneficial for various aspects, i.e., to improve the selectivity, [4] [5] [6] [7] to decrease the membrane resistance, and to reduce the interference from lipophilic counterions. [8] [9] [10] [11] In the case of the preparation of ion-selective liquid membranes, the amounts of added ionic sites in the membranes, such as tetraphenyl borate derivatives, are generally optimized to show the highest primary ion selectivity. According to the so-called "site technology theory" proposed by Simon et al., there can be an optimum concentration ratio between the neutral ionophore and ionic sites only if the primary ion has a higher charge and/or if it is complexed by fewer ionophore molecules than the interfering ion. [4] [5] [6] [7] However, when the primary and interfering ions have the same charge number and the stoichiometries of the primary-and interfering-ionophore complexes in the membrane bulk are equal to each other, the site technology theory provides no optimum concentration of ionic sites in the membrane bulk. In this case, the sufficient amount of ionic sites should be added into the membrane to yield Nernstian responses for primary ions, to prevent Donnan exclusion failure.
The theory that describes Donnan exclusion failure of neutral ionophore-based ISEs has already been well established. [8] [9] [10] [11] [12] [13] [14] However, the equations describing the relationship between the ionic site concentrations and the response slopes, which is important for the membrane preparation, have not been reported yet. In addition, to experimentally confirm the validity of the Donnan failure theory, many investigators have measured potentiometric responses to primary ions with solvent polymeric membranes. Because such solvent polymeric membranes are known to contain at least an uncontrollable amount of ionic impurities, [15] [16] [17] [18] [19] [20] [21] [22] the precise evaluation of the validity of the theory was not feasible. Only little is known, therefore, regarding the practically relevant amount of ionic sites to yield Nernstian response slopes toward primary ions with highly hydrophilic counterions, because the amount of ionic impurities in such polymeric membranes is sufficient to obtain a Nernstian slope to primary ions with hydrophilic counterions.
In the present work, we propose a theory based on diffuse double layers at both membrane and aqueous sides of the interface that describes the accurate and quantitative relationship between the EMF response slope and the concentration of anionic sites in the membrane phase. [23] [24] [25] It is shown on the basis of this theory that the ionic site concentrations that provide ISEs based on neutral ionophores with Nernstian potentiometric responses depend on the lipophilicity of primary and counterions, and on the concentration of ionophores. The validity of the prediction of our theory was experimentally confirmed with ion-selective liquid membranes based on typical neutral ionophores such as valinomycin, nonactin and bis(benzo-15-crown-5). Because it is well known that poly(vinyl chloride) (PVC), which is generally used as a supporting polymer for ion-selective liquid membranes, contains uncontrollable amounts of ionic sites as impurities, we decided to work with purified liquid membranes containing no supporting polymers. The sensitivity of a conventional ISE system is absolutely insufficient for membranes with low concentrations of anionic sites, because the resistance of such membranes is very high. Therefore, a field effect transistor (FET) covered directly with a liquid membrane was used. 1, 2, 26 
Theoretical Section

Extracted salt concentration in the ion-selective liquid membranes
The sample solution contains a fixed concentration of supporting electrolyte, E + L -, and a varying concentration of monovalent primary ion salt, M + X -. The ionophore I is confined in the membrane. Only the primary cation, M + , can be bound by the ionophore, I (stoichiometry n: 1; stability constant βIM). The complex, InM + , and the anionic site, A -, are lipophilic species that are present only in the membrane phase. When an aqueous solution containing a primary ion salt and a supporting electrolyte is equilibrated with an organic solution, extraction of the primary ion salt into the organic bulk phase occurs. The amount of the salt extracted into the organic bulk phase strongly depends on the concentration of ionic sites in the organic solution. Under the condition that the distribution equilibrium of the primary salt and supporting electrolyte between the aqueous and organic phases is reached, Eq. (1) leads to the following expression of the total concentration of the salts in the membrane bulk, C mem salt,tot , as (1) where C mem species and C aq species are the concentrations of each species in the bulk of the membrane and in the aqueous sample, respectively, and kspecies is the single ion distribution coefficient of each species.
Based on the complexation equilibrium between an ionophore and a primary ion in the membrane phase, the concentration of the primary ion in the membrane bulk C M + mem in Eq. (2) is given by solving the following equation.
with
where C I,total mem is the total concentration of the ionophore in the membrane phase.
Phase boundary potentials
The assumptions of the diffuse double layer-based model are described elsewhere. [23] [24] [25] [27] [28] [29] In this model, the phase boundary potential, Eb, can be described as a function of the salt concentrations in the bulk of the aqueous solution and membrane, and the surface charge density at the membrane side of the interface, σ mem , as
where ε0 is the permittivity of vacuum, and εmem and εaq are the relative permittivities of the membrane and water, respectively. The surface charge density in Eq. (3) can be expressed as a function of the ionic concentrations at the outer Helmholtz plane (OHP) on the membrane side of the interface.
where C mem species(0) is the concentration of each ionic species at the OHP on the membrane side of the interface.
At the distribution equilibrium of the primary ion M + between the aqueous and membrane side of the interface, the complexation reaction between the primary ion and the ionophore takes place at the membrane side of the interface, i.e., The relationship between the concentration of anionic sites in the membrane bulk and the EMF response slope can be expressed as follows: When the supporting electrolyte is very hydrophilic and its concentration is high (≈ 0.1 M), Eq. (3) simplifies to (7) with
Equation (7) is differentiated by the concentration of the primary ion salt in the aqueous solution, C MX aq , to give the potentiometric response slope as
with D = × Equation (8) indicates that only when the amount of the primary ion salt extraction is negligibly small (C MX aq kMkX ≈ 0), the membranes show potentiometric responses to primary ions with a Nernstian slope. When extraction of the primary ion salt occurs, the response is not Nernstian and depends not only on
the concentration of anionic sites in the membrane bulk but also on the concentration of the ionophore and its complexation stability constant with the primary ion. When the ionophore forms 1:1 complexes with the primary ion (n = 1), the arrangement of Eq. (8) leads to the simple expression of the ionic site concentration required for a Nernstian response slope with 59 mV/decade at 25˚C as
where with G = kMkXβIM(C MX aq ) 2 .
Experimental
Chemicals and solutions
KCl, NH4Cl and LiOCOCH3 (Wako Pure Chemicals Co., Osaka, Japan) were all of analytical reagent grade. Sodium tetrakis-[3,5-bis(fluoromethyl)phenyl]borate dihydrate (NaTFPB) and potassium tetrakis-[4-chlorophenyl]borate (KTpClPB) were purchased from Dojindo Laboratories, Kumamoto, Japan and used as anionic sites without further purification. The neutral ionophores, bis[(benzo-15-crown-5)-4-methyl]pimelate (bis(15-crown-5); K + ionophore, Dojindo Laboratories), nonactin (NH4 + ionophore, Sigma Chemical Co., St. Louis, MO) and valinomycin (K + ionophore, Sigma) were used as purchased. PVC (nav ≈ 1100) and 2-amino-2-(hydroxymethyl)-1,3-propandiol (Tris) were purchased from Wako Pure Chemical Industries.
A H
phenoxazin-9-amine (ETH 5294) was purchased from Fluka AG (Buchs, Switzerland). Tetrahydrofuran (THF) was freshly distilled from sodium/benzophenone under argon.
The membrane solvent 2-nitrophenyl octyl ether (oNPOE; purity speciation by producer: >99% (HPLC), Dojindo) was purified by distillation under reduced pressure (bp10 = 142˚C). Liquid membranes were obtained by directly dissolving the ionophores and NaTFPB or KTpClPB in the membrane solvents in various molar ratios without further additives. Sample solutions of metal chlorides in Milli-Q water (Millipore reagent water system, Bedford, MA, resistance >18.2 MΩ) were adjusted to an ionic strength of 10 -1 M with Tris-HCl buffer (pH 7.2).
Instrumentation and measurement protocol
Measurements of the membrane potential were carried out with cells of the following type: 1, 2 Ag | AgCl | 3 M KCl 1 M LiOCOCH3 sample solution | liquid membrane | FET A Si3N4-based field effect transistor (FET: Shindengen CO. Ltd., Saitama, Japan) was inserted into a tapered glass capillary (inner diameter at the tip ≈ 0.4 mm) whose surface had been modified with octadecyltrichlorosilane or trimethylsilane. The capillary was then filled with the liquid membrane, the capillary force preventing the membrane from flowing out at the bottom.
A double-junction type Ag/AgCl electrode (Denki Kagaku Keiki Co., Tokyo, Japan), containing 3 M KCl solution in the inner and 1 M LiOCOCH3 solution in the outer compartment was used as a reference electrode. The membrane potential was measured with an ISFET/mV meter (Shindengen) at room temperature. The source-drain voltage and current were kept at 4.0 V and 150 µA, respectively, and electrochemical cell was shielded by a Faraday cage. Sample solutions were stirred using a Teflon-coated stirring bar. By applying the Henderson equation, the measured potentials were corrected for changes in the liquid-junction potential. The liquid membranes based on valinomycin were conditioned in 50 mL of 5 × 10 -1 M Li2SO4 for at least 6 h, changing the Li2SO4 solution twice, resulting in the membrane potential drift of less than 2 mV per hour. However, the valinomycin-based liquid membrane containing NaTFPB did not show any stable membrane potential during this conditioning process, most probably due to the very low complexation stability of valinomycin with Na + and Li + . To obtain a stable conditioning potential, a potassium salt of lipophilic anion, KTpClPB, which has slightly lower lipophilicity than NaTFPB, was used only for valinomycinbased liquid membranes. For the membranes based on nonactin and bis(benzo-15-crown-5), similar conditioning was performed with 10 -1 M Tris-HCl buffer solutions at pH 7.2. Small increments of a concentrated primary ion solution were then added to the sample solution, giving EMF values constant within 0.1 mV/min after a few minutes. No EMF responses to other than the primary ion salt were measured.
Determination of the complexation stability constants
The stability constants of the complexes between the ionophores and the corresponding primary cations were determined by spectrophotometric measurements on the liquid membranes containing a H + -selective chromoionophore.
7,30-33
The membranes based on valinomycin, bis(benzo-15-crown-5) and nonactin consisted of 1.9 mg of TFPB, 3.3 mg, 2.5 mg and 2.7 mg of the ionophore, respectively, 1.2 mg of the chromoionophore ETH 5294, 73.6 mg of PVC, and 153.1 mg of oNPOE. The corresponding membrane free of ionophore was prepared with equal amounts of components but without ionophore. The components were dissolved in 2 mL of freshly distilled THF. About 0.5 mL of this membrane cocktail was cast onto a glass plate and allowed to stand for 20 h to allow the evaporation of the THF. This plate was mounted into the measuring cell and placed into a conventional spectrophotometer, where the measurements were made in the transmission mode using a continuous-flow-through system with a flow rate of 2 mL/min. The thickness of the membranes was about 10 µm, as determined with a micrometer. Absorption spectra were taken between 800 and 400 nm. The absorbance values for the determination of stability constants were taken at the wavelength of maximum absorbance of the protonated form of the chromoionophore (650 nm). According to the method reported by Bakker et al., the complexation stability constants were estimated from the change in the absorbance.
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Results and Discussion
The influence of the anionic site concentration on the EMF response behavior Valimonycin-based ISFET electrodes. Figure 1a shows the observed potentiometric responses to aqueous KCl, obtained with ISFET electrodes covered with 10 mM valinomycin-835 ANALYTICAL SCIENCES JULY 2001, VOL. 17 loaded oNPOE membranes with 26.0 µM of KTpClPB ( ), 1.45 µM of KTpClPB ( ) and without KTpClPB ( ) provided for anionic sites. The membrane without anionic sites ( ) showed no potentiometric response to the primary K + ions. This result is consistent with our previous finding of SHG and EMF measurements in that ionic sites are a necessity for counterionindependent primary ion responses of potentiometric sensors based on neutral ionophores. 1,2 For the membrane with 1.45 µM of anionic sites ( ), a potentiometric response to the primary K + ions appeared in the KCl concentration range from 10 -6 M to 10 -3 M. The slope of the potentiometric response is 12.5 mV/decade at 10 -3.5 M of KCl, which is very small when compared to a Nernstian response slope (59.2 mV/decade, 25˚C). When the concentration of anionic sites increased up to 26 µM ( ), the concentration range of the primary cation where the potentiometric response was observed becomes wider (from 10 -6 M to 10 -2 M). The potentiometric response slope also increased up to 46.2 mV/decade at 10 -3.5 M of KCl. Further increase in the concentration of anionic sites leads to larger response slopes. Figure 1b shows the EMF responses to the primary ion salt, KCl, obtained by a membrane containing 10 mM of valinomycin and 0.65 mM of KTpClPB ( ) and a membrane with the same concentration of valinomycin and 0.245 mM of KTpClPB ( ). The membrane with 0.245 mM of KTpClPB showed a near-Nernstian response (58.3 mV/decade) at K + ion concentrations ranging from 1.0 × 10 -4 M to 8 × 10 -3 M, but above 8 × 10 -3 M a decrease in the potentiometric response slope was observed due to counterion co-extraction. When we increased the concentration of KTpClPB up to 0.65 mM, the linear response range with Nernstian slope (59.1 mV/decade) became wider (from 1.0 × 10 -4 M to 3 × 10 -2 M).
To examine the validity of the theoretical prediction of the dependence of the potentiometric response on the anionic site concentrations, the phase boundary potentials were calculated on the basis of the theory presented in the theoretical section. In this calculation, the complexation stability constant, βIM, of valinomycin with K + in an oNPOE membrane was estimated to be 2.0 × 10 9 M -1 by using the optical method (see experimental section). However, the single ion distribution coefficients for K + and Cl -for extraction from aqueous into oNPOE phases have not been reported; we used, instead, the reported values of the single ion distribution coefficients between aqueous and nitrobenzene phases 34 as an approximation. The calculated phase boundary potentials using Eqs. This remarkable agreement also suggests that the single ion distribution coefficients of K + and Cl -ion for oNPOE are close to the values for nitrobenzene.
On the other hand, when the KCl concentration was below 1 × 10 -4 M, all electrodes showed significant decreases in the response slopes, leading to deviations from the calculated phase boundary potential. Such sub-Nernstian responses at low primary ion concentrations, which are frequently observed, seem to be due to contamination of the sample solution with primary or interfering ions. Indeed, Pretsch et al. have shown experimentally that the lower detection limits of valinomycin-based liquid membranes were drastically improved by carefully preventing contamination of the sample solution with primary ions. [35] [36] [37] This disagreement between the observed membrane potentials and the calculated phase boundary potentials at low primary concentrations most likely came from the model definition, in that the present diffuse double layer model does not take into account the effect of such contamination of the aqueous sample solution. Nonactin-based ISFET electrodes. to 0.8 mM accompanied corresponding increase in the response slope up to a near-Nernstian (55.2 mV/decade at 10 -3.5 M of aqueous NH4Cl).
The observed dependence of the potentiometric responses of nonactin-based ISFET membranes on the anionic site concentrations was very similar to that of the valinomycin-based membranes.
The solid lines in Fig. 2 indicate the phase boundary potentials calculated from Eqs. (1) - (7) in the theoretical section. In this calculation, the complexation stability constant, βIM, between nonactin and NH4 + ion in an oNPOE membrane was estimated to be 2.0 × 10 9 M -1 by using the optical method. A good agreement with the observed membrane potentials and the calculated phase boundary potential can be seen, indicating again that the diffuse double layer-based theory can quantitatively describe the relationship between the concentration of anionic sites and the phase boundary potential.
Bis(benzo-15-crown-5)-based ISFET electrodes.
Figure 3 shows the dependence of the membrane potentials on the KCl concentration in the adjacent aqueous solutions for oNPOE membranes containing 14 mM bis(benzo-15-crown-5) and various concentrations of TFPB. It can clearly be seen that the range of the linear potentiometric response with a Nernstian slope is increased with increasing the concentration of added anionic sites in the membranes. This trend is similar to that for the potentiometric responses of valinomycin-based ISFET electrodes. The observed dependence of the EMF response on the anionic site concentration well agreed with the calculated one. For the latter, the complexation stability constant, βIM, of the complex between bis(benzo-15-crown-5) and K + ion in oNPOE of 1.0 × 10 9 M -1 , determined by using the optical method, was used.
Effect of the ionophore concentration on the EMF response
As demonstrated above, it was experimentally confirmed that the linear response range and the response slope of liquid membrane ISEs based on neutral ionophores strongly depend on the concentration of added anionic sites in the membrane phase.
On the other hand, according to Eq. (8), one of the factors that determine the response slope is the total concentration of the ionophore.
To evaluate the influence of the ionophore concentration on the EMF response, ISFET electrodes covered by liquid membranes with the same concentration of anionic sites but different concentrations of ionophores were prepared. Figure 4 shows the potentiometric response to aqueous KCl obtained with oNPOE membranes with 0.5 mM, 3 mM and 10 mM of valinomycin, respectively. All these membranes were prepared with 0.2 mM of KTpClPB to provide anionic sites. As can be seen, the concentration of anionic sites needed for Nernstian responses depends on the concentration of the ionophore: A near-Nernstian response slope at the primary cation chloride concentration of 1 × 10 -2 M was observed for a membrane containing 0.5 mM of valinomycin whereas the slope for a membrane containing 10 mM of valinomycin was only 28.5 mV/decade. The corresponding phase boundary potential calculated from Eqs. (1) - (7) was represented as solid lines in Fig. 4 . A very good agreement was observed between the calculated phase boundary potential and the observed EMF. This agreement allows us to conclude that the increase in the ionophore concentration in the membrane phase leads to an increase in the amount of salt extracted into the membrane bulk, resulting in a decrease in the extent of the charge separation at the membrane surface. This result, therefore, experimentally confirms that not only the absolute concentration of added anionic sites in the membrane but also the ionophore concentration is another factor to determine the response slope as well as the concentration range of primary ions where a Nernstian response is observed. Relationship between the anionic site concentration and the EMF response slope Figure 5 shows the dependence of the EMF response slope on the concentration of the added anionic site when the concentration of aqueous KCl was 3.16 × 10 -4 M (10 -3.5 M). In the case of valinomycin-based membranes with 10 mM ionophore, the response slope increases up to a Nernstian slope with increasing the concentration of anionic sites (Fig. 5a) . Also nonactin-as well as bis(benzo-15-crown-5)-based membranes showed increases in the response slopes with increasing the site concentrations.
To evaluate the usefulness of the theoretical prediction based on the theory represented in theoretical section, the relationship between the response slope and the concentration of anionic sites was calculated from Eq. (8) . As shown in Fig. 5 , the calculated dependence of the anionic site concentration on the EMF response slope is consistent with the observed one for all ionophore-based membranes used in this study. This result indicates the reliability of Eq. (8) for the theoretical prediction of the required site concentration to yield a Nernstian response slope. According to this theoretical consideration, it can be concluded that the threshold anionic site concentrations necessary to obtain a Nernstian response (59 mV/decade, 25˚C) to the primary cation chloride from 10 -4 M to 10 -3 M is 0.16 mM for an oNPOE-based membrane with 10 mM valinomycin, 0.40 mM for an oNPOE-based membrane with 40 mM nonactin and 0.25 mM for an oNPOE-based membrane with 14 mM bis(benzo-15-crown-5), respectively.
Sandifer et al. reported that the fixed anionic site concentration, as impurities, of 10 mM valinomycin-loaded membranes which show a Nernstian response to KCl, was estimated to be 0.08 mM. 18 This anionic site concentration of 0.08 mM is smaller than the threshold anionic site concentration reported in this study. However, this discrepancy can be easily explained in terms of the difference in the solubility of the counteranion into the membrane solvents between dioctyl sebacate (DOS) or dinonyl adipate (DNA) used by Sandifier et al., and oNPOE used in the present study. It should be noted that the anionic site concentration, as impurities, depends on the grade of the membrane solvent as well as the origin of the PVC used for membrane preparation. Buck et al. reported that the concentration range of anionic impurities in plasticized PVC membranes was 0.05 to 0.6 mM. 20 By using the reported concentration of anionic impurities and Eq. (8), the minimum concentration of added anionic sites in PVC/oNPOE membranes to obtain a Nernstian response can be estimated. Namely, the PVC/oNPOE membranes, which show a response to primary cation chloride with a Nernstian slope from 10 -4 M to 10 -3 M, must contain at least 0.11 mM added anionic sites with 10 mM valinomycin, 0.35 mM added anionic sites with 40 mM nonactin and 0.20 mM added anionic sites with 14 mM 838 ANALYTICAL SCIENCES JULY 2001, VOL. 17 bis(benzo-15-crown-5), respectively.
Conclusions
We have presented in this paper an equation that can describe the anionic site concentration required for Nernstian response slopes of neutral ionophore-based ion-selective liquid membranes. It allows the conclusion that not only the lipophilicity of the counteranion in the sample solution but also the concentration of the ionophore and its complexation stability constant with the interest ion strongly influence the anionic site concentration to yield Nernstian response slopes. Although the theory of the Donnan exclusion failure has been well established, the presented equation makes ISE users more easily accessible for the preparation of ISE membranes, because this equation allows one to know directly the required anionic concentration to yield a Nernstian response slope. By using FETs covered with liquid membranes but free of ionic impurities, the precise evaluation of the validity of the theory presented in this paper was carried out. Good agreements were observed between the observed and calculated values for the site concentration dependence of the phase boundary potentials and response slopes even when the hydrophilic counteranions were used.
This agreement demonstrates the high reliability of the prediction of the present theory for the threshold anionic site concentrations to yield Nernstian response slopes.
